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F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SLSH MRLQWV 7KHUHIRUH WHVWV ZHUH FRQGXFWHG LQ  VSHFLPHQV IRU HDFK SLSH VL]H DV VKRZQ LQ 7DEOH   GHIHFW
JHRPHWULHVîGHIHFWVL]HVîVSHFLPHQVQRGHIHFWVSHFLPHQV$WRWDORIVSHFLPHQVZHUHWHVWHGIRUHDFKRI
WKHDERYHPHQWLRQHGWHVWVEHFDXVHWKUHHSLSHVL]HVZHUHVWXGLHG
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H2QO\WZRVSHFLPHQVZLWKPP2'ZHUHWHVWHGWKHVSHFLPHQZLWKRXW
GHIHFWVDQGWKHVSHFLPHQZLWKDVSKHULFDOGHIHFWWKDWZDVRIWKHWKLFNQHVV7KHVSHFLPHQOHQJWKZDVHTXDOWR
WKH2')DWLJXH WHVWVZHUHSHUIRUPHGXVLQJD WHVWLQJ IUHTXHQF\RI+]ZLWK WKH IRUFHFRQWUROOHGZLWKFRQVWDQW
VLQXVRLGDO IRUFH DPSOLWXGH 7KH PD[LPXP IRUFH RI  .1 FDXVHG  2' FRPSUHVVLRQ GHIRUPDWLRQ RI WKH
VSHFLPHQZLWKRXWGHIHFWVDIWHU LWZDVFRPSUHVVHGE\ WKHSODWHQ7KHPLQLPXPIRUFHZDV WLPHVDV ODUJHDV WKH
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ZDV7KHGLVSODFHPHQWRIWKHSODWHQDQGWKHIDWLJXHF\FOHZHUHPHDVXUHGGXULQJWKHWHVW

'HIHFW
D E
469 H.S. Lai et al. /  Procedia Engineering  130 ( 2015 )  466 – 474 

D7HQVLRQWHVWVSHFLPHQ

E%XUVWWHVWVSHFLPHQ

F7KUHHSRLQWEHQGWHVWVSHFLPHQ

G&UXVKWHVWVSHFLPHQ

H)DWLJXHWHVWVSHFLPHQ

I)UDFWXUHWHVW>6(7@VSHFLPHQ
)LJ7\SLFDOWHVWVSHFLPHQV
2QHRIWKH6(7VSHFLPHQVZLWKRXWZHOGLQJGHIHFWVLVVKRZQLQ)LJIPDFKLQHGRXWIURPWKHZHOGHG0'3(
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FHQWHURIWKHZHOG]RQH7KHGLPHQVLRQVRIWKHVSHFLPHQZHUHWKHWKLFNQHVV% PPWKHZLGWK: PPWKH
GLVWDQFHEHWZHHQWKHWZRSLQVIRUPHDVXUHPHQWRIWKHORDGGLVSODFHPHQW+ PPDQGWKHWRWDOOHQJWK PP
7KHFUDFNZDVPDGHFDUHIXOO\E\SXVKLQJDIUHVKUD]RUEODGHDWDFXWWLQJUDWHRIPPPLQWRIRUPDVKDUSFUDFN
IURPWKHVXUIDFHRIWKHVSHFLPHQDWURRPWHPSHUDWXUH7KHFUDFNUDWLRRIWKHFUDFNOHQJWKDWRWKH:ZDVIURP
WRZLWKLQFUHPHQWVRIDQGHDFKYDOXHRID:KDGWZRVSHFLPHQV7KHUHIRUHDWRWDORIVSHFLPHQVZLWKRXW
ZHOGLQJGHIHFWVZHUHWHVWHG$OOWKHWHVWVZHUHFDUULHGRXWE\DQ,QVWURQWHVWLQJPDFKLQHDWDFRQVWDQWFURVVKHDGVSHHG
RIPPPLQ7KHDSSOLHGORDGDQGWKHGLVSODFHPHQWZHUHUHFRUGHGGXULQJWKHWHVWV
5HVXOWVDQGGLVFXVVLRQ
3.1. Tension test 
7KHWHVWUHVXOWVRIHQJLQHHULQJVWUHVVVWUDLQFXUYHVREWDLQHGIURPWKHVSHFLPHQVZLWKDQGPP2'DUH
VKRZQLQ)LJ1RWHWKDWHDFKFXUYHVKRZQLQ)LJZDVWKHDYHUDJHFXUYHRIWKUHHFXUYHVEHFDXVHWKUHHLGHQWLFDO
VSHFLPHQVZHUHWHVWHGIRUHDFKGHIHFWVL]H7KHUHVXOWVRI WKHVSHFLPHQVZLWKPP2'ZHUHVLPLODUDV WKRVH
ZLWKDQGPP2'7KXVWKH\ZHUHQRWVKRZQLQ)LJ)RUWKHVSHFLPHQVZLWKPP2'DVVKRZQLQ
)LJDWKHFXUYHVRIWKHQRGHIHFWVSHFLPHQDQGWKHGHIHFWVSHFLPHQVZLWKGHIHFWVL]HRIRIWKHWKLFNQHVV
ZHUHDOPRVW VDPH UHJDUGOHVVRI WKHGHIHFWJHRPHWU\:KLOH WKHFXUYHVRI WKHGHIHFW VSHFLPHQVGHFUHDVHG UDSLGO\
DIWHUWKH\FDPHWRWKHPD[LPXPYDOXHIRUWKHGHIHFWVL]HLQFUHDVHGXSWRDQGRIWKHWKLFNQHVV7KHHIIHFWRI
WKHGHIHFWJHRPHWU\RQWKHFXUYHZDVKDUGWREHGLVWLQJXLVKHG7KLVPHDQVWKDWWKHHIIHFWRIWKHGHIHFWJHRPHWU\RQ
WKHIDLOXUHRIWKHMRLQWVZDVLJQRUDEOH)LJEVKRZVWKHFXUYHVRIWKHVSHFLPHQVZLWKPP2'7KHFXUYHVRI
WKH QR GHIHFW VSHFLPHQ DQG WKH GHIHFW VSHFLPHQVZLWK GHIHFW VL]H RI RI WKH WKLFNQHVV DOPRVW KDG WKH VDPH
YDULDWLRQWUHQGEXW WKHIDLOXUHVWUDLQRI WKHQRGHIHFWVSHFLPHQZDVTXLWHVPDOOHU WKDQWKDWRI WKHVSKHULFDOGHIHFW
VSHFLPHQZLWKGHIHFWVL]HRIRIWKHWKLFNQHVV7KLVZDVSRVVLEO\FDXVHGE\WKHWHVWGDWDVFDWWHU:LWKLQFUHDVHG
WKHGHIHFWVL]HWRDQGRIWKHWKLFNQHVVWKHFXUYHVGHFUHDVHGUDSLGO\DIWHUWKH\FDPHWRWKHPD[LPXPYDOXH
7KHUHIRUHDVLQJOHZHOGLQJGHIHFWFDQ¶WDIIHFWWKHIDLOXUHRIWKHZHOGHG0'3(SLSHMRLQWVXQGHUWKHWHQVLRQORDGLQJ
LIWKHGHIHFWVL]HLVVPDOOHUWKDQRIWKHWKLFNQHVVUHJDUGOHVVRIWKHGHIHFWJHRPHWU\7KHPRUHGHWDLOHGDQDO\VHV
FDQEHIRXQGLQWKHUHIHUHQFH>@
)DLOXUH
'HIHFW,QVHUWLRQ
3UHVVXUL]LQJZDWHU,QOHW
&RQQHFWWRWKHSUHVVXUHWUDQVGXFHU
&UDFNLQWKHZHOG]RQH
/HQJWK î2'
3ODWHQ
/HQJWK î2'
/HQJWK î2'
/HQJWK î2'
+
%
6XSSRUWLQJSLQ
/RDGLQJSLQ
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)LJ7HQVLRQWHVWUHVXOWV
3.2. Burst test 
)LJXUHVKRZVWKHEXUVWWHVWUHVXOWVRISUHVVXUHWLPHFXUYHVIRUWKHVSHFLPHQVZLWKDQGPP2'(DFK
FXUYHVKRZQLQ)LJZDVWKHDYHUDJHFXUYHRIWKUHHFXUYHVDQGWKHFXUYHVRIWKHVSHFLPHQVZLWKPP2'ZHUH
QRWVKRZQLQ)LJWKHUHDVRQVZHUHWKHVDPHDVWKRVHRIWHQVLOHWHVWV$VVKRZQLQ)LJDOOFXUYHVKDGDOPRVWWKH
VDPHVKDSHEHIRUHWKH\FDPHWRWKHPD[LPXPSUHVVXUH7KHUHZDVDYDULDWLRQEORFNIRUWKHFXUYHVDIWHUWKHIDLOXUH
WLPH7KHIDLOXUHWLPHZDVGHILQHGDVWKHWLPHWKDWWKHSUHVVXUHEHJDQWRGHFUHDVHUDSLGO\DVVKRZQLQ)LJD)RU
WKHVSHFLPHQVZLWKPP2'WKHFXUYHVRIWKHGHIHFWVSHFLPHQVZHUHDOZD\VORZHUWKDQWKDWRIWKHQRGHIHFW
VSHFLPHQDIWHUWKHIDLOXUHWLPH+RZHYHUWKLVSKHQRPHQRQFRXOGQRWEHIRXQGIRUWKHVSHFLPHQVZLWKPP2'
7KXVWKLVGLIIHUHQFHFRXOGSRVVLEO\EHFDXVHGE\WKHWHVWGDWDVFDWWHU7KHVDPHDVWKHWHQVLRQWHVWUHVXOWVWKDWWKH
HIIHFWRIWKHGHIHFWJHRPHWU\RQWKHEXUVWIDLOXUHRIWKHVSHFLPHQZDVQRWREVHUYHG7KHPD[LPXPSUHVVXUHDQGWKH
IDLOXUHWLPHIRUWKHVSHFLPHQVRIHDFKSLSHVL]HZHUHDOPRVWVDPHHYHQWKRXJKWKHFXUYHVRIWKHGHIHFWVSHFLPHQV
ZHUHORZHUWKDQWKDWRIWKHQRGHIHFWVSHFLPHQDIWHUWKHIDLOXUHWLPHIRUWKHVSHFLPHQVZLWKPP2'7KHUHIRUH
LW FDQEH DUJXHG WKDW WKH IDLOXUH RI WKHZHOGHG0'3(SLSH MRLQWV FDQQRW DIIHFWHGE\ D VLQJOH VSKHULFDO RU SODQDU
ZHOGLQJGHIHFWXQGHUWKHSUHVVXUHORDGLQJHYHQZKHQWKHGHIHFWVL]HLVXSWRRIWKHWKLFNQHVV
3.3. There-point bend test 
7KH WKUHHSRLQWEHQG WHVW UHVXOWVRI ORDGGLVSODFHPHQWFXUYHVDUHVKRZQ LQ)LJ(DFKFXUYHVKRZQ LQ)LJ
ZDVDOVRWKHDYHUDJHFXUYHRIWKUHHFXUYHV$VVKRZQLQ)LJERWKRIWKHVSKHULFDODQGSODQDUGHIHFWVSHFLPHQV
FXUYHVZHUHGLVWULEXWHGDURXQGWKDWRIWKHQRGHIHFWVSHFLPHQIRUHDFKSLSHVL]H7KLVGLVWULEXWLRQZDVQRWLQGXFHG
E\WKHGHIHFWVL]HDQGWKHGHIHFWJHRPHWU\EXWE\WKHUHDVRQDEOHWHVWGDWDGLVWULEXWLRQ7KHUHIRUHDVLQJOHVSKHULFDO
RUSODQDUZHOGLQJGHIHFWFRXOGQRWLQFUHDVHWKHIDLOXUHRIWKHZHOGHG0'3(SLSHMRLQWVXQGHUWKHEHQGORDGLQJHYHQ
ZKHQWKHGHIHFWVL]HZDVLQFUHDVHGXSWRRIWKHWKLFNQHVV
3.4. Crush test 
7KHFUXVKWHVWUHVXOWVRIORDGGLVSODFHPHQWFXUYHVDUHVKRZQLQ)LJ(DFKFXUYHVKRZQLQ)LJFRQVLVWVRIWKH
DYHUDJHFXUYHRIWKUHHFXUYHV7KHFXUYHVRIWKHVSKHULFDODQGSODQDUGHIHFWVSHFLPHQVZHUHGLVWULEXWHGDURXQGWKDW
RIWKHQRGHIHFWVSHFLPHQIRUHDFKSLSHVL]HDVVKRZQLQ)LJ7KLVSKHQRPHQRQLVWKHVDPHDVWKDWVKRZQLQ)LJ
RIWKHWKUHHSRLQWEHQGWHVWUHVXOWV7KHUHIRUHQHLWKHUWKHVLQJOHVSKHULFDOQRUWKHVLQJOHSODQDUZHOGLQJGHIHFWFRXOG
LQFUHDVHWKHIDLOXUHRIWKHZHOGHG0'3(SLSHMRLQWVXQGHUWKHFUXVKORDGLQJHYHQZKHQWKHGHIHFWVL]HZDVLQFUHDVHG
XSWRRIWKHWKLFNQHVV


D E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
)LJ7KUHHSRLQWEHQGWHVWUHVXOWV )LJ&UXVKWHVWUHVXOWV
3.5. Fatigue test 
7KHIDWLJXHWHVWUHVXOWVDUHVKRZQLQ)LJ7KHSODWHQGLVSODFHPHQWZDVQRUPDOL]HGE\2'PP$V
VKRZQLQ)LJWKHWZRFXUYHVRYHUODSSHGDWWKHEHJLQQLQJRIWKHWHVW+RZHYHUZLWKLQFUHDVHVLQWKHIDWLJXHF\FOH
WKHFXUYHRI WKHQRGHIHFW VSHFLPHQGHFUHDVHGVORZO\ WR WKH ILUVW ORZHVWYDOXH$IWHU WKDW WKHFXUYHGHFUHDVHG LQ
ZDYHVZLWKIXUWKHULQFUHDVHVLQWKHF\FOH7KHFXUYHRIWKHVSKHULFDOGHIHFWVSHFLPHQZLWKGHIHFWVL]HRIRIWKH
WKLFNQHVVGHFUHDVHGIDVWHUDQGWRD OHVVHUGHJUHHWKDQGLGWKHFXUYHRI WKHQRGHIHFWVSHFLPHQZLWKLQFUHDVHVLQWKH
F\FOH WKLV FXUYH IRU WKLV GHIHFW VSHFLPHQ DOVR GHFUHDVHG LQ ZDYHV DIWHU DWWDLQLQJ LWV ILUVW ORZHVW YDOXH 7KLV
SKHQRPHQRQRIGHFUHDVHLQZDYHVZDVWKHVWHSZLVHIDLOXUHPHFKDQLVPRISRO\HWK\OHQH>@7KHFXUYHRIWKHQR
GHIHFWVSHFLPHQZDVDERXWGRXEOHKLJKWKDWRIWKHVSKHULFDOGHIHFWVSHFLPHQZLWKGHIHFWVL]HRIRIWKHWKLFNQHVV
7KLVPHDQVWKDWWKHIDWLJXHSHUIRUPDQFHRIWKHWHVWHGZHOGHGSLSHVGXULQJWKHIDWLJXHWHVWVZDVVLJQLILFDQWO\UHGXFHG
E\WKHZHOGLQJGHIHFW7KLVUHVXOWLVVLPLODUDVWKHHIIHFWRIWKHODUJHYRLGVDQGLQFOXVLRQVWKDWDUHSURGXFHGGXULQJ
PDQXIDFWXUHLQWKHSLSHZDOORQWKHIDWLJXHSHUIRUPDQFHRISRO\HWK\OHQHSLSHV>@(YHQWKRXJKWKHQXPEHURIGDWD
SRLQWVZDVOLPLWHGZHFRXOGGHGXFHWKDWWKHODUJHUWKHGHIHFWVL]HZDVWKHORZHUWKHFXUYHEHFRPH7KXVDVLQJOH
ZHOGLQJGHIHFWFDQVLJQLILFDQWO\LQFUHDVHWKHIDLOXUHRIWKHZHOGHG0'3(SLSHMRLQWVXQGHUWKHIDWLJXHORDGLQJHYHQ
IRUDVPDOOZHOGLQJGHIHFWVXFKDVWKDWWKHGHIHFWVL]HLVRIWKHWKLFNQHVV
3.6. Fracture test 
7KH IUDFWXUH RI HODVWLFSODVWLF PDWHULDOV LV QRUPDOO\ FKDUDFWHUL]HG E\ WKH SDWKLQGHSHQGHQW -LQWHJUDO 7KH -
LQWHJUDOFDQEHFDOFXODWHGE\
D E
)DLOXUHWLPH
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)LJ)DWLJXHWHVWUHVXOWV

7KH PHDVXUHG ORDGGLVSODFHPHQW FXUYHV IRU DOO VSHFLPHQV DUH VKRZQ LQ )LJ  D ,Q WKHVH WHVWV WKH FUDFN
H[WHQVLRQ OHQJWK ZDV QRW PHDVXUHG GXULQJ WKH WHVW DQG RQO\ WZR VSHFLPHQV ZHUH WHVWHG IRU HDFK YDOXH RIaW
7KHUHIRUHWKHJRFXUYHFRXOGQRWEHREWDLQHGIURPWKHWHVWGDWDE\XVLQJWKHEDVLFWHVWPHWKRGDQGWKHUHVLVWDQFH
FXUYHWHVWPHWKRG>@,IZHDVVXPHGȘHO ȘSOWKHJLQWHJUDODWWKHPD[LPXPDSSOLHGORDGWKHPD[LPXPORDGLQWKH
ORDGGLVSODFHPHQWFXUYHJPD[FRXOGEHDSSUR[LPDWHO\FDOFXODWHGXVLQJWKHWRWDODUHDXQGHUWKHORDGGLVSODFHPHQW
FXUYH5XJJLHUL>@VKRZHGWKDWWKHȘSORIWKHKRPRJHQHRXV6(7VSHFLPHQFRXOGEHHVWLPDWHGE\
   
SO                    a W a W a W a W a WK [ [ [ [ [ [       
ZKHUHWKHQRQGLPHQVLRQDOFRHIILFLHQWVRIȟ±ȟDUHGHSHQGHQWRQWKHSDUDPHWHUVRInDQGH/W(TLVYDOLGIRU
aW(YHQWKRXJK3DUHGHV>@VKRZHGWKDWWKHȘSOVKRXOGEHPRGLILHGIRUZHOGFUDFNVWKHHIIHFWRIWKHZHOG
]RQH RQ WKHȘSOZDV QRW FRQVLGHUHG LQ WKLV SDSHU 7KH FDOFXODWHGJPD[ DUH VKRZQ LQ)LJ  E 7KH JPD[ZDV QRW
FDOFXODWHGIRUaW EHFDXVHWKHȘSOFRXOGQRWEHFDOFXODWHGE\(T)LJXUHEVKRZVWKDW WKHJPD[DOPRVW
LQFUHDVHGOLQHDUO\ZLWKLQFUHDVHVLQWKHFUDFNUDWLRIURPWR
,QFRQFOXVLRQ WKH WHQVLRQ WHVWEXUVW WHVW WKUHHSRLQWEHQG WHVWFUXVK WHVWDQGIDWLJXH WHVWDUHVKRUWWHUP WHVWV
7KH\FDQRQO\WHVWWKHVKRUWWHUPPHFKDQLFDOSHUIRUPDQFHRI0'3(SLSHV%DVHGRQWKHUHVXOWVRIWKHVHWHVWVLWLV
DUJXHGWKDWLIWKHUHLVQRIDWLJXHORDGLQJDVLQJOHZHOGLQJGHIHFWZLWKDPD[LPXPVL]HWKDWLVOHVVWKDQRIWKH
SLSH¶VZDOO WKLFNQHVVFDQQRWLQFUHDVHWKHIDLOXUHRI WKHEXWWIXVLRQZHOGHG0'3(SLSHMRLQWVXQGHU WKHVKRUWWHUP
XVDJHUHJDUGOHVVRIWKHGHIHFWJHRPHWU\RWKHUZLVHWKHGHIHFWFDQVLJQLILFDQWO\LQFUHDVHWKHIDLOXUHRIWKHMRLQWVHYHQ
IRUDVPDOOZHOGLQJGHIHFWVXFKDVWKDWWKHGHIHFWVL]HLVRIWKHWKLFNQHVV6LQFHWKHURRPWHPSHUDWXUHIDWLJXH
WHVWFDQSUHGLFWWKHORQJWHUPPHFKDQLFDOSHUIRUPDQFHRISRO\HWK\OHQHSLSHV>@LWLVDUJXHGWKDWDVPDOOVLQJOH
ZHOGLQJGHIHFWFDQVLJQLILFDQWO\LQFUHDVHWKHIDLOXUHRIWKHMRLQWVXQGHUWKHORQJWHUPXVDJH
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)LJ)UDFWXUHWHVWUHVXOWVDPHDVXUHGORDGGLVSODFHPHQWFXUYHVEJPD[XQGHUYDULRXVFUDFNUDWLRV
&RQFOXVLRQV
7KHHIIHFWRIDVLQJOHZHOGLQJGHIHFWRQWKHIDLOXUHRIEXWWIXVLRQZHOGHG0'3(SLSHMRLQWVZHUHHYDOXDWHGE\DQ
H[SHULPHQWDOWHQVLRQWHVWEXUVWWHVWWKUHHSRLQWEHQGWHVWFUXVKWHVWDQGIDWLJXHWHVW7KHIUDFWXUHUHVLVWDQFHRIWKH
ZHOGHGMRLQWVZLWKRXWZHOGLQJGHIHFWVZDVVWXGLHGE\DIUDFWXUHWHVWDOVR7KHIROORZLQJFRQFOXVLRQVZHUHUHDFKHG
%DVHGRQWKHWHVWUHVXOWVRIWKHWHQVLRQWHVWEXUVWWHVWWKUHHSRLQWEHQGWHVWFUXVKWHVWDQGIDWLJXHWHVWLWLV
DUJXHGWKDWLIWKHUHLVQRIDWLJXHORDGLQJDVLQJOHZHOGLQJGHIHFWZLWKDPD[LPXPVL]HWKDWLVOHVVWKDQRIWKH
SLSH¶VZDOO WKLFNQHVVFDQQRWLQFUHDVHWKHIDLOXUHRI WKHEXWWIXVLRQZHOGHG0'3(SLSHMRLQWVXQGHU WKHVKRUWWHUP
XVDJHUHJDUGOHVVRIWKHGHIHFWJHRPHWU\RWKHUZLVHWKHGHIHFWFDQVLJQLILFDQWO\LQFUHDVHWKHIDLOXUHRIWKHMRLQWV
 7KH IDWLJXH WHVW VKRZHG WKDW WKH IDWLJXH SHUIRUPDQFH RI WKH EXWW IXVLRQ ZHOGHG 0'3( SLSH MRLQWVZDV
VLJQLILFDQWO\ UHGXFHG E\ D VLQJOH VSKHULFDO ZHOGLQJ GHIHFW HYHQ WKRXJK WKH GHIHFW VL]H ZDV RQO\  RI WKH
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